ABSTRACT -Overexpression of Cdc34, a ubiquitin-conjugating enzyme, confers methylmercury resistance on yeast cells. This suggests that degradation, by the ubiquitin-proteasome (UP) system, of proteins that enhance methylmercury toxicity might be a factor in the development of methylmercury resistance. The present study shows that yeast cells overexpressing Whi2, a protein that is ubiquitinated in cells, are highly susceptible to methylmercury, suggesting that Whi2 may enhance methylmercury toxicity. Although both Whi2 deficiency and Cdc34 overexpression individually confer methylmercury resistance on yeast cells, Whi2-deficient cells overexpressing Cdc34 showed no additive resistance to methylmercury, compared with Whi2-expressing cells that overexpress Cdc34. The intracellular level of Whi2 was significantly reduced by Cdc34 overexpression; however, this reduction was almost completely attenuated when proteasomal degradation was inhibited. These results suggest that overexpression of Cdc34 confers methylmercury resistance on yeast cells through the UP system by promoting degradation of Whi2, a methylmercury toxicity-enhancing protein.
INTRODUCTION
Methylmercury is a toxic heavy metal that damages the central nervous system; however, the mechanisms underlying biological defenses against it remain unclear (Mori et al., 2011) . We found that overexpression of Cdc34, a ubiquitin-conjugating enzyme of the ubiquitin-proteasome (UP) system of selective protein degradation, confers methylmercury resistance on cultured human and yeast cells, suggesting that the UP system plays an important role in reducing methylmercury toxicity Hwang et al., 2002) . Therefore, we explored the possibility that Cdc34 overexpression confers resistance by enhancing the activity of the UP system and degradation of proteins involved in enhancing methylmercury toxicity. In the present study, we used yeast cells to search for methylmercury toxicity-enhancing proteins that are degraded by the UP system through Cdc34.
MATERIALS AND METHODS

Yeast strains and media
Saccharomyces cerevisiae BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) and deletion strains constructed by insertion of kanMX4 cassettes (conferring G418 resistance as a selective marker of the BY4742 genome) were obtained from Euroscarf (Frankfurt, Germany). Cells were cultured in yeast extract-peptone-dextrose (YPD) medium or synthetic dextrose (SD) medium at 30°C. Plasmid DNA was introduced into cells using the lithium acetate procedure (Hwang et al., 2009; Takahashi et al., 2010 Takahashi et al., , 2011a Takahashi et al., and 2011b .
Plasmid construction
The WHI2-HA gene was amplified by polymerase chain reaction using the primers 5'-AGGTTGTCTGAGCT-TACACTT-3' (forward) and 5'-ACACTCAAGCG-TA AT C T G G A A C AT C G TAT G G G TA C T G C A C -CCCAATAACGCT-3' (reverse). Amplified DNA was inserted into the blunted PvuII cloning site of the URA3-Ubiquitin-conjugating enzyme Cdc34 mediates methylmercury resistance in Saccharomyces cerevisiae by increasing Whi2 degradation Gi-Wook Hwang, Yousuke Ogiwara, Tsutomu Takahashi and Akira Naganuma based plasmid pKT10-GAPDH. The LEU2-based plasmid pRS425-CDC34 was constructed as described previously .
Quantitation of methylmercury sensitivity
Yeast cells (1 × 10 6 cells/ml) were cultured in SD liquid medium containing various concentrations of methylmercuric chloride for 3 hr at 30°C. Cells were washed and centrifuged, and each pellet was suspended in 0.1 ml sterile water. Five microliters of each suspension were spotted on agar-solidifi ed SD medium and formation of colonies was examined after culture for 20-24 hr at 30°C.
Ubiquitination of Whi2-HA
Whi2-HA was immunoprecipitated from yeast cell lysates using monoclonal anti-HA-agarose beads (Roche Diagnostics, Mannheim, Germany) as described previously (Hwang et al., 2009) . Beads were pelleted by centrifugation and washed five times with Tris-buffered saline. Bound proteins were eluted by boiling in SDS sample buffer, separated by SDS-PAGE, transferred to an Immobilon-P membrane (Millipore, Bedford, MA, USA), and visualized using a multiubiquitin-specifi c antibody (MBL, Nagoya, Japan).
RESULTS AND DISCUSSION
Yeast cells deficient in a methylmercury toxicityenhancing protein should have higher resistance to methylmercury than wild-type cells. Approximately 4,800 yeast strains, each with a single-gene defi ciency that does not affect yeast viability, were examined for susceptibility to methylmercury. Forty-four strains showed higher resistance to methylmercury than wild-type strains. Proteins encoded by the defi cient genes included several that were found by global analysis to bind ubiquitin (Peng et al., 2003) . Yeast cells overexpressing these proteins individually were examined for susceptibility to methylmercury. Cells overexpressing Whi2 showed higher susceptibility to methylmercury than control cells (Fig. 1A) . Extracts of yeast cells expressing Whi2 fused to a HA-tag were immunoprecipitated with an anti-HA antibody, and ubiquitination of Whi2 was examined by Western blotting with anti-ubiquitin antibody. The presence of a diffuse, high molecular weight bands indicated the intracellular ubiquitination of Whi2 (Fig. 1B) . These results suggest that Whi2 enhances methylmercury toxicity, and that intracellular levels of Whi2 are regulated by the UP system.
To examine the involvement of Whi2 in the mechanism underlying methylmercury resistance acquired with Cdc34 overexpression, Cdc34 was overexpressed in wildtype and Whi2-defi cient cells and susceptibility to methylmercury was examined. Although both Whi2 defi ciency and Cdc34 overexpression individually confer methylmercury resistance on yeast cells, Whi2-defi cient cells overexpressing Cdc34 showed no additive resistance to methylmercury compared with wild-type cells overexpressing Cdc34 (Fig. 2A) . This suggests that Cdc34 overexpression and Whi2 defi ciency confer methylmercury resistance on yeast cells by the same mechanism. Hence, the effects of Cdc34 overexpression on the intracellular level of Whi2-HA were examined to determine whether Cdc34 overexpression signifi cantly reduces the intracellular level of Whi2 (Fig. 2B) . Defi ciency of Rpn10, a proteasome component, is known to reduce the proteasomal degradation of ubiquitinated protein (Mayor et al., 2005; Verma et al., 2004) . Rpn10-defi cient yeast cells showed a higher intracellular level of Whi2-HA than wild-type yeast cells, and the intracellular level of Whi2 was reduced to a negligible extent by Cdc34 overexpression (Fig. 2B) . Thus, Whi2 is ubiquitinated in cells in a Cdc34-dependent manner, followed by proteasomal degradation. In addition, the enhanced degradation of Whi2 mediated by the UP system is thought to be involved in the methylmercury resistance acquired with Cdc34 overexpression. Whi2 is involved in cell cycle regulation and various stress responses (Kaida et al., 2002; Radcliffe et al., 1997) , and Whi2-deficient yeast cells show enhanced transcription of the G1 cyclins, Cln1 and Cln2. To examine the relationship between the cell cycle and methylmercury toxicity, Cln1 or Cln2 was overexpressed in wildtype yeast cells. The susceptibility to methylmercury of cells overexpressing the cyclins was the same as that of control yeast cells (data not shown). In addition to Whi2, Whi1 and Whi3 participate in cell cycle regulation. Whi1-and Whi3-defi cient yeast cells showed the same susceptibility to methylmercury as wild-type yeast cells (data not shown). Thus, the methylmercury toxicity-enhancing activity of Whi2 is associated with functions other than cell cycle regulation. In future research, the molecular mechanisms underlying Whi2 enhancement of methylm- 
